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increase in NO, emissions with biodiesel when compared to petrodiesel. The exact cause of this increase 
is still unclear; however, researchers believe that the fuel properties have been shown to effect the emis- 
sions of NOx. The present work reviews the effect of fuel properties and composition on NO, emissions 
from biodiesel fuelled engines. The paper is organised in three sections. The first section deals with the 


Sopa NO, formation mechanisms. In the following section, the reasons for increased NO, emissions of biodiesel 
Bulk aodalus fuel are discussed. After this, the influence of composition and fuel properties on NO, emissions from 
Composition biodiesel fuelled engines has been reviewed. Finally, some general conclusions concerning this problem 
Cetane number are summarised and further researches are pointed out. 
Viscosity © 2012 Elsevier Ltd. All rights reserved. 
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1. Introduction 


The most important aspect of air quality management is to con- 
trol the harmful emissions from internal combustion engines. In 
order to improve the air quality, stringent emission norms were 
introduced worldwide. The limit values were lowered many times 
over the last decades and will be set to further lower values for the 
coming years. Burning biodiesel in diesel engine produces a signifi- 
cant reduction in emissions of particulate matter, HC and CO but in 
most cases also causes an increase in NO, emissions (about 10-23%) 
when compared to diesel fuel [1-4]. This increase in NOx emissions 
is termed as biodiesel NO, effect. It has been a long-standing issue 
and yet to be satisfactorily resolved. The US Environmental Protec- 
tion Agency (EPA) enlisted NO, as one of the criteria pollutants that 
can affect the respiratory system. The biodiesel market in the U.S 
alone is expected to reach 4000 million gallons in 2030 [5]. As the 
use of biodiesel has increased enormously, the rise in NOx emis- 
sions could become a significant barrier to market expansion. Van 
Gerpen et al. [6] suggested that the reason for the higher NOx emis- 
sions is mainly due to changes in the chemical composition and the 
physical properties of the fuel. Therefore it is necessary to under- 
stand the effect of fuel properties on biodiesel NO, emissions and 
to develop improved techniques for NO, abatement. The objective 
of this paper is to provide a complete literature review on the influ- 
ence of fuel composition and properties on the NO, emissions when 
fuelling with biodiesel. 


2. NO, formation mechanisms 


NO, is a mixture of gases which consists of nitric oxide (NO), 
dinitrogen dioxide (N2072), nitrous oxide (N20), dinitrogen trioxide 
(N203), nitrogen dioxide (NO2), dinitrogen tetroxide (N204) and 
dinitrogen pentoxide (N205). In most high-temperature combus- 
tion processes, the majority (95%) of NOx produced is in the form of 
nitric oxide (NO) [7]. Understanding NO production in diesel engine 
combustion requires a comprehensive analysis of NOx formation 
mechanisms. This section deals with the oxides of nitrogen for- 
mation pathways such as thermal, prompt, and N20 mechanisms. 
Generally, biodiesel does not contain fuel-bound nitrogen, so NO 
formation by the fuel NO mechanism can be considered negligible 
[8]. 


2.1. Thermal NO 


Thermal NO formation mechanism is the dominant source 
of NOx in combustion system. It is formed by the reaction of 
atmospheric nitrogen with oxygen due to combustion at elevated 
temperatures (above1800 K). The three reactions producing ther- 
mal NO proposed by Zeldovich [9] are: 


N2+0 < NO+N (1) 
N+0O2<NO+0 (2) 
N+ OH «= NO+H (3) 


Due to high activation energy requirement of Reaction (1), NO pro- 
duction by thermal mechanism proceeds at a slower rate than the 
oxidation of hydrocarbons. The NO formation rate can be approxi- 
mated by: 


[NO] =ke-*/ [Np ][O>]!/2t (4) 


where k and K are reaction constants, Tis absolute temperature, and 
tis time [10]. Eq. (4) indicates that thermal NO formation is an expo- 
nential function of temperature. The other factors that influence 
thermal NO formation rate are oxygen, nitrogen concentrations and 
residence time of reaction products. 


2.2. Prompt NO 


Prompt NO is generally an important mechanism in low temper- 
ature, fuel-rich combustion processes where residence times are 
short. According to prompt or Fenimore mechanism [11], forma- 
tion of free radicals in the flame front of hydrocarbon flames leads 
to rapid production of NO. Generally, the prompt NO contribution 
to total NO from combustion process is considered less important 
when compared to thermal NO. However, in biodiesel combustion, 
significant quantities of NO are formed by prompt mechanism [12]. 


CH + No < HCN + N (5) 
C2 +N2 < 2CN (6) 
CN + O © NO + CO (7) 


The rate of HCN and NO formation increases with the concentra- 
tion of hydrocarbon radicals. Fenimore suggested that the N-atom 
produced from Reaction (5) could form NO through Reaction (3). 
The cyanogen produced in Reaction (6) would react with diatomic 
oxygen or with oxygen atom to form nitric oxide. Such reactions 
require relatively low activation energy and the rate of NO forma- 
tion is very rapid which is comparable to that of the oxidation of 
fuel. This means that NO formation can takes place even at much 
lower temperatures (below 750°C). 


2.3. N20 pathway 


In this mechanism, the atomic oxygen reacts with N2 to form 
N20 by a three body reaction. 


O+N+M < NŅO+M (8) 


where M is a molecule that is required to complete this reaction. 
The N20 formed in Reaction (8) can then react to form NO. 


N20 + O = NO + NO (9) 


This mechanism is important in combustion process under elevated 
pressure and lean air fuel ratio conditions [13]. 


3. Causes of biodiesel NO, effect 


There are many factors that have an impact on NOx formation 
from diesel engine. NOx formation is primarily a function of pres- 
sure, reaction temperature, residence time of combustion products, 
premixed portion of combustion, availability of excess oxygen, igni- 
tion delay period, heat removal rate and the operational parameters 
of the engine [14]. An overwhelming number of studies have shown 
that high isentropic bulk modulus of biodiesel causes an artifi- 
cial advance in injection timing relative to petrodiesel, and higher 
NO, emissions [15-18]. In pump-line-nozzle (PLN) injection sys- 
tem, earlier injection timing causes an increase in the fuel mass 
delivery and residence time, which results in very high reaction 
temperature and more NO, formation. McCormick et al. [19] did 
not find any increase in NO, emissions with common rail injec- 
tion system equipped engines. However, Zhang and Boehman [20] 
found much higher NO, emissions with common rail system, and 
concluded that injection timing shift alone could not be the reason 
for biodiesel NO, effect. 

Benajes et al. [21] show significant effects of adiabatic flame 
temperature, heat release rate and stoichiometric burning on NOx 
formation in diesel engines. The adiabatic flame temperature of 
biodiesel is reported to have slightly higher than petrodiesel due 
to complete combustion resulting from fuel bound oxygen [22]. 
In contrast, Monyem et al. [16] have shown that biodiesel has 
lower adiabatic flame temperature than petrodiesel. Some stud- 
ies [23-25] report the higher heat release rate of biodiesel as a 
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possible cause for the biodiesel NO, effect. Szybist et al. [18], how- 
ever, observe a lower rate of heat release for biodiesel fuel at all 
loads. This conclusion is further supported by extensive exper- 
imental work by Bittle et al. [26]. Mueller et al. [27] observed 
increased stoichiometric burning of biodiesel combustion which 
could lead to rise in temperature and NOx. Many researchers 
[28-30] reported the radiative heat transfer from in-cylinder soot 
can significantly influence NO, formation rate. The oxygen content 
in biodiesel could cause reduced soot formation [31], which results 
in lessened radiative heat transfer and thus increase of tempera- 
ture [32]. On the contrary, Agarwal et al. [33] observed increased 
formation of particulate matter with biodiesel fuel than diesel 
fuel. 

A change in biodiesel fuel properties might lead to increased 
ignition delay period. Generally, longer ignition delay increases the 
premixed burn fraction which is responsible for increased NOx gen- 
eration [34]. Choi and Reitz [35] reported that fuel mass delivery 
rates and spray tip penetrations increase when biodiesel is used 
as a diesel engine fuel. Yuan and Hansen [36] conducted com- 
putational study using Zeldovich NO, formation model together 
with a Kelvine—Helmholtz—Rayleighe-Taylor (KH-RT) spray break- 
up model and concluded that decreased spray cone angle and 
advanced start of injection of biodiesel influences NO, formation. 
Biodiesel requires longer pulse-width than diesel in electronic con- 
trolled engines due to its low calorific value causing more quantity 
of fuel entry into the cylinder which results in high temperature and 
NO; [37]. The higher boiling point, viscosity, and surface tension of 
biodiesel fuel may contribute to the increased NO, emissions [38]. 
Yuan et al. [39] have claimed that biodiesel has more widespread 
high-temperature distribution areas than diesel that could con- 
tribute higher NOx. Varuvel et al. [40] concluded that the increased 
premixed combustion of biodiesel fuel is one of the reasons for 
biodiesel NO, effect. 

CH and OH radicals are continuously formed during combus- 
tion reactions. The formation of CH-radicals is an indicator of low 
temperature pre-combustion reactions, which is the first step for 
the combustion process, once fuel is evaporated. OH radicals are 
formed during high temperature reactions and are located in the 
flame front, where vapourized fuel reaches the highest temper- 
atures [41]. Brezinsky et al. [42] claimed that the high rate of 
acetylene production from the unsaturated fatty acids of biodiesel 
is the major cause of increased NO, formation. The acetylene is, 
responsible for hydrocarbon CH radical generation and prompt 
NOx. Recently, Violi et al. [43] conducted an experiment to anal- 
yse biodiesel combustion using shock tube and detected reduced 
formation of OH radicals. Moreover, they observed decreased reac- 
tivity of biodiesel over a certain low to intermediate temperature 
range (Negative temperature coefficient (NTC) behaviour) [44]. The 
increased rate of CH radical formation, lower rate of OH radical 
generation and NTC behaviour of biodiesel, indicates that biodiesel 
combustion is a low temperature reaction when compared to min- 
eral diesel combustion. Therefore factors such as elevated adiabatic 
flame temperature, higher heat release rate and stoichiometric 
burning might not be the major reasons for biodiesel NOx effect. 
The US National Renewable Energy Laboratory (NREL) also reported 
the increased formation of prompt NOx as the main reason for 
biodiesel NO, effect and they suggested the use of antioxidants 
as a prompt NO, control strategy [12]. Based on their suggestion 
we have conducted emission tests on Jatropha biodiesel fuelled 
diesel DI diesel engine with antioxidant additives and observed 
significant reductions in NOx [45]. This reduction is possibly due 
to the suppression of free radical formation by antioxidants. The 
biodiesel NOx effect has been reviewed in detail by Jacobs et al. 
[46] and Hoekman and Robbins [47]. The NO, mitigation tech- 
niques applicable to biodiesel fuels are reviewed by Rajasekar et al. 
[48]. 


4. Effect of fuel properties on biodiesel NO, emissions 


There is widespread agreement that no single factor is responsi- 
ble for biodiesel NOx effect. The physical and chemical properties of 
biodiesel may influence combustion temperature, residence time 
and injection pattern and thus NO, emissions. The fuel properties 
such as bulk modulus, fuel bound oxygen, degree of saturation, 
cetane number, viscosity, density, surface tension, thermal conduc- 
tivity, heat capacity, vapour diffusion coefficient all have significant 
impact on the engine performance and emissions. The physical 
and chemical properties of common biodiesel fuels and their NOx 
emissions rate are presented Table 1. 

Haseeb et al. [49] compared the NO, emissions of different 
biodiesel fuels with diesel fuel. 


4.1. Effect of bulk modulus of compressibility 


The isentropic (dynamic) secant bulk modulus, a preferred injec- 
tion system parameter is a measure of resistance to compressibility. 
It decreases with temperature, increases with pressure but also 
influenced by velocity of sound and density of fuel. Vegetable oils 
and their methyl esters are less compressible than diesel, so that 
the pressure wave from the fuel pump is rapidly transferred to 
the injector nozzle which will cause the needle to open earlier 
[6]. The early opening of needle leads to increased mass deliv- 
ery and elevated temperature and thus more NOx. Tat and Van 
Gerpen [66] studied the effect of fuel property changes on injec- 
tion timing and concluded that the high value of bulk modulus 
and speed of sound could cause approximately 1° of injection 
timing advance and this effect may be partially responsible for 
the increase in NOx. They reported that the densities, speed of 
sound and isentropic bulk modulus are higher for the more unsat- 
urated esters and the increase in properties is not uniform as each 
double bond is added. Moreover, they found that the speed of 
sound and isentropic bulk modulus increase as the chain length 
increases. 

Kegl [67] studied the influence of fuel on inline fuel injection 
system at different operating regimes by numerical simulation. She 
compared all the injection parameters of B100, B75, B50 and B25 
with diesel and found that the injection delay reduces with B100 
and other blends because of higher values of bulk modulus. Fur- 
thermore, she observed that mean injection pressure and mean 
injection rate increases with higher content of biodiesel in blends. 
Gumusa et al. [68] report similar results. Szybist et al. [18] exam- 
ined emissions from biodiesel and Fischer-Tropsch diesel (low bulk 
modulus bio-fuel) and they observed lowest NO, emissions with 
Fischer-Tropsch diesel. Recently, Caresana [69] studied the impact 
of biodiesel bulk modulus on injection pressure and injection tim- 
ing and concluded that advance in injection timing due to high bulk 
modulus of biodiesel is less high than commonly believed. The bulk 
modulus, density and velocity of sound values of some biodiesel 
fuels are presented in Table 2. It is shown in Table 2 that the methyl 
soy ester has highest values of bulk modulus of compressibility and 
velocity of sound and also produces more NOx (Table 1). 

The bulk modulus effect on NOx emissions can be reduced by 
retarding the injection timing and by preheating the fuel. Monyem 
et al. [16] have shown a 35% reduction in NOx emissions for a 6° 
retardation in injection and Ren and Li [71] found a significant 
reduction with preheated biodiesel. However, the ignition timing 
retardation also leads to an increase in soot or PM emissions and 
hence would require recertification of the engine for emissions 
standard compliance. Modern engines are equipped with common 
rail injection systems and the fuel mass delivery can be precisely 
controlled by electronic sensors. However, such types of engines 
also produce more NOx emissions when fuelled with biodiesel [72]. 
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Table 1 
Physical and chemical properties of various methyl esters of fatty acids. 


Fatty acid methyl ester Degree of saturation Relative change in Iodine value Cetane number Kinematic viscosity 
(% by wt.) NO, (%) at 40°C (mm?/s) 

Soybean 15.22 + 13.1 [50] 117-143 46.2 4.08 

Rapeseed 4.34 + 8.3 [51] 94-120 54.4 6.7 

Yellow grease 36.51 +11.6 [50] 80-100 62.6 5.92 

Sunflower 9.34 +11 [52] 110-143 46.6 4.22 

Canola 7 +6 [53] 110-120 51.6 4.02 

Cottonseed 23.8 +10 [54] 90-119 51.2 6.1 

Jatropha 26.2 +12.97 [55] 95-105 52.31 4.8 

Tall oil 4 +25 [56] 125-135 50 5.3 

Rice bran 14.2-21.1 +2.7 [57] 99-108 51 4.958 

Linseed 7.9 +13 [58] 168-204 55 3.752 

Lard 41-50 +2.5 [59] 62.5 63.6 48 

Palm 45.6 —5 [60] 44-58 56.2 4.958 

Coconut 81.5 —20 [61] 8-10 68 2.726 

Beef tallow 47-63 0 [8] 53.6 58.8 4.824 

Mahua 46.2 +11.6 [62] 88 51 3.98 

Neem 39.6 —4.5 [63] 65-80 50.4 5.213 

Olive 20.2 +30 [64] 75-94 57 45 

Pongamia pinnata 29.2 —20 [65] 117 51 4.93 


Therefore, bulk modulus of biodiesel has minor effect on NO, emis- 
sions [47]. 


4.2. Effect of fuel composition 


Biodiesel consists of fatty acids produced by the transesterifi- 
cation of vegetable oils. In the resulting transesterification process 
the glycerol molecule of fatty acid is replaced with three alcohol 
molecules. Fatty acids are long chain organic acids having usually 
4-30 carbon atoms, which is either saturated or unsaturated. Their 
composition determines the physical properties, calorific value and 
stability of biodiesel. Saturated fatty acids have no carbon-carbon 
double bonds and unsaturated fatty acids have one or more double 
bonds. A fatty acid with one double bond is called monounsaturated 
and fatty acid with two or more double bonds is termed polyun- 
saturated fatty acids (PUFA). Each fatty acid differs from others in 
lengths of the carbon chain and the number of carbon-carbon dou- 
ble bonds. The fatty acids are denoted by XX:Y, where XX designates 
the number of carbon atoms in the fatty acid chain and Y the num- 
ber of double bonds. The most common fatty esters contained in 
biodiesel are mainly of C16 and C18 fatty acids including palmitic 
acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic acid 
(C18:2), and linolenic acid (C18:3) [73]. Palmitic acid and stearic 
acids are saturated fatty acids, and others are unsaturated fatty 
acids. Fuel compositions of various feedstocks are analysed by Singh 
and Dipti [74]. Feedstocks, such as chicken fat, palm oil and coconut 
oil contain higher percentage of saturated fatty acids whereas, soy- 
bean oil, canola oil, sunflower oil and corn oil has higher percentage 
of unsaturated fatty acids. 

McCormick et al. [75] found that the molecular structure of 
biodiesel can have a direct impact on NOx emissions. They investi- 
gated the relationship between NO, emissions and Iodine value and 


Table 2 
Bulk modulus, density and speed of sound of different biodiesel fuels [70]. 


revealed that NO, increases with iodine value of biodiesel. Iodine 
number (IV) is a measure of degree of unsaturation of the fatty acid; 
a high iodine number indicates a high degree of unsaturation. Wyatt 
et al. [76] conducted emission tests with the tallow methyl ester 
(IV 53.6), lard methyl ester (IV 62.5) and chicken fat esters (IV 77.4) 
and compared with soybean oil biodiesel (IV 129.1) and observed 
that NO, emissions are linearly correlated with iodine value of fatty 
acid ester. Moreover, Peterson et al. [77] performed emission tests 
on coconut ethyl ester, used hydrogenated soy methyl ester, rape- 
seed ethyl ester, mustard ethyl ester, safflower ethyl ester, and a 
commercial methyl ester of soy oil and reported that as the iodine 
number increased from 7.88 to 129.5, the NO, emissions were 
increased by 29.3%. Table 1 also indicate that the lowest iodine 
value fuels such as coconut and palm oil methyl esters have shown 
least NOx emissions. 

Most of the commercial biodiesel feedstocks are made from 
unsaturated fatty acids which may lead to higher NO, emissions 
when compared to petrodiesel. Knothe et al. [78] tested emission 
characteristics of pure methyl esters in CI engines and found a 
decrease in NO, with saturated C12 and C16 methyl esters rela- 
tive to diesel fuel, while monounsaturated C18 increased slightly 
the NO, emissions. Zhang and Boehman [20] claimed that the dou- 
ble bonds contained in biodiesel leads to formation of free radicals 
that promotes prompt NOx. 

The unsaturated fatty acid molecules have high bulk modulus 
or low compressibility which leads to earlier injection fuel and 
NO; formation. The presence of double bonds in unsaturated fatty 
acids causes less linear chains, thus leaving less space for molecules 
to squeeze closer together and hence reduces compressibility [6]. 
As mentioned previously, less compressible fuel tend to advance 
of injection timing and increase in NO, emissions. Observation 
made by Ban-Weiss et al. [32] concluded that the double bonded 


Fuel Bulk modulus at 34.5 MPa Density at 34.5 MPa Velocity of sound at 34.5 MPa 
20°C 40°C 60°C 20°C 40°C 60°C 20°C 40°C 60°C 

Certified D2 diesel 1995.1 1805.6 1634.5 0.8606 0.8494 0.8366 1522.6 1458.0 1397.8 
Methyl yellow grease 2128.3 1929.9 1749.7 0.893 0.8800 0.867 1543.8 1480.9 1420.4 
Methyl soy ester 2155.1 1952.5 1775.1 0.9005 0.8879 0.8756 1547.0 1482.9 1423.9 
Methyl oxidized soy ester 2160.0 1958.0 1779.3 0.9029 0.8892 0.8769 1547.0 1483.9 1424.5 
Methyl hydrogenated soy - 1914.0 1736.5 - 0.8736 0.8642 - 1480.2 1417.5 
Methyl canola ester 2152.1 1951.9 1773.4 0.8986 0.8860 0.872 1547.6 1484.3 1426.0 
Methyl lard ester 2122.0 1918.2 1746.6 0.8935 0.8804 0.8679 1541.0 1476.2 1418.5 
Methyl tallow ester 2124.7 1911.3 1728.7 0.8900 0.8771 0.8642 1545.1 1476.2 1414.4 
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molecules of biodiesel tend to have a higher adiabatic flame tem- 
perature which results in increase of NOx. On the contrary, Glaude 
et al. [79] report that the adiabatic flame temperature of biodiesel 
is equal to or lower than conventional diesel fuels. 

High degree of saturation is not always favourable to NO, reduc- 
tion because saturated and lower carbon chain length components 
tend to increase flame temperature. The saturated components like 
methyl palmitate and methyl stearate could be associated with 
a higher tendency to produce NO, than unsaturated components 
[80]. Tat et al. [81] tested the engine fuelled with high-oleic (unsat- 
urated) soybean biodiesel and reported that unsaturated biodiesel 
significantly reduces NOx. The cetane number of biodiesel can vary 
widely based on differences in fatty acid composition, chain length 
and the saturation level. High cetane values (CN) were observed 
for saturated fatty esters and it increases with chain length [82]. 
Generally, higher CN of fuels tend to reduce NOx emissions in CI 
engines. Recently, Pattamaprom et al. [83] conducted performance 
and emissions test using palm olein and palm stearin (co-products 
of palm oil refining processes) biodiesel fuels and found that higher 
chain length olein produced more NO, than the short chain length 
stearin. 

The location of double bonds and configurations (cis or trans) 
also affects the physical properties of biodiesel. Most naturally 
occurring unsaturated fatty acids are in the cis configuration and 
can be converted into trans configuration by isomerisation. The 
physical properties of trans configured unsaturated fatty acids are 
analogous to those of a fully saturated fatty acids. Hass et al. [84] 
attempted to reduce biodiesel NOx effect using reformulated (trans 
configured) biodiesel and found that isomerised biodiesel have 
increased NOx emissions by 2.7%. Moreover, they tested transester- 
ified soy polyols (fatty acids containing hydroxyl group) and found 
a decrease in NO, emissions (5.6%). 

Reducing the number of double bonds in unsaturated fatty acids 
has often been proposed to return the NO, emissions level back to 
that observed with petrodiesel. The double bonds can be reduced 
either by hydrogenation or by blending an appropriate amount of 
saturated methyl ester to the biodiesel. Chapman et al. [85] have 
tested the blend of caprylic acid methyl ester (C8:0) and capric acid 
methyl ester (C10:0) with B100 and found a NO, emission reduction 
of 2.8% relative to petrodiesel. They also conducted experiments 
on hydrogenated fatty acid and did not find any reduction in 
NOx. Moser et al. [8] examined partially hydrogenated soybean oil 
methyl esters blend with diesel (B20) and found that the reduc- 
tion in double bond content of partially hydrogenated soybean oil 
methyl esters blend did not result in a statistically significant differ- 
ence in NOx emissions compared with soybean oil methyl esters. 
High degree of saturation and longer chain length of fatty acids 
tends to increase in cloud point which may cause clogging of fuel 
filters and fuel lines. Several approaches have been proposed to 
reduce the cloud point of biodiesel including: properties modi- 
fication of feedstocks; blending with petrodiesel; and the use of 
additives [86]. 


4.3. Effect of fuel-bound oxygen 


Biodiesel is an oxygenated fuel containing 11% of oxygen by 
weight [87]. High oxygen content of biodiesel promotes combus- 
tion efficiency and reduces emissions of CO, PM, HC and other 
pollutants [88,89]. However, many early studies suggested that 
high combustion efficiency leads to high reaction temperature and 
NO, formation [88,90,91]. 

Graboski et al. [92] observed 1% increase in NOx at 2% (by weight) 
oxygen in the fuel and also found that the increase in NOx is 
directly correlated with oxygen levels. Song et al. [93] reported 
that both the enrichment of intake oxygen and the use of oxy- 
genated fuels increase NOx emissions. A recent study by Hulwan 


et al. [94] has shown that addition of oxygenated fuel ethanol with 
Jatropha methyl ester increased the NO, emissions significantly. 
Jacobs and Rathore [95] conducted an experiment to investigate 
the role of fuel-bound oxygen in biodiesel on increases in NO, emis- 
sions. Based on the results they concluded that the lower oxygen 
consumption efficiency of biodiesel leads to an increase in avail- 
ability of oxygen to form NOx. 

The presence of oxygen in the fuel structure of biodiesel exhibits 
low compressibility. The fuel bound oxygen creates a permanent 
dipole moment in the molecule which results in stronger hydrogen 
bonding and increased molecular affinity of oxygenated fuels. This 
in turn leads to reduction of free space between molecules and 
decreasing its compressibility, consequently an increase in NO; [8]. 
Mccormick et al. [38] reported that the oxygen content of biodiesel 
molecules cause an increase in boiling point and may reduce the 
rate of droplet evaporation and a change premixed burn fraction of 
biodiesel fuel and thus NO, formation. Similar observation is also 
reported by Mueller et al. [27]. The fuel bound oxygen of biodiesel 
affects mixture stoichiometry at the lift-off length that may cause 
increase in NOx [96]. On the contrary, Lapuerta et al. [97] argued 
that the oxygen content of biodiesel could not be the reason for 
increase in NO, because the oxygen/fuel mass ratio of biodiesel 
(2.92) remains below that of the petrodiesel (3.58). Nurun Nabi 
[98] has also shown that the adiabatic flame temperature and NOx 
emissions decrease linearly with the increase in oxygen content. 
In addition, Yuan et al. [99] found no correlation between oxygen 
content of fuel and NO, emissions. 

Biodiesel combustion generally produces lesser soot than con- 
ventional diesel because of fuel bound oxygen, reduced aromatic 
content, absence of sulphur, and unsaturated fatty acid contents. 
The reduced soot formation may lessen radiative heat transfer from 
soot particles which results in elevated reaction temperature and 
more NO,. Jacobs et al. [100] found no linear correlation between 
biodiesel soot formation and NOx emissions. Paivi et al. [101] exper- 
imented rapeseed and soybean methyl esters using a Volvo bus 
engine and observed a 40% reduction of soot. The structural oxy- 
gen content of fuel could cause lessening of soot formation by 
effectively removing carbon from reaction pathways that lead to 
soot precursors [50]. Krahl et al. [102] studied the size of the soot 
emitted from both biodiesel and diesel and found that biodiesel 
produced smaller size soot particles than conventional diesel. The 
presence of surface oxygen on soots leads to surface burning that 
occurs progressively from the outermost periphery. This may cause 
diameter reduction of soot particle [103]. The smaller size soot par- 
ticles produced by biodiesel has more reactive sites for oxidation. 
The nanostructure of soot provides more surface area for oxida- 
tion which results in reduced soot formation [50]. Mueller et al. 
[31] showed that fuel bound oxygen is more effective at reducing 
in-cylinder soot than oxygenated additives. McEnally and Pfefferle 
[104] studied the effect of fuel bound oxygen on soot formation. 
Results indicated that sooting tendencies of esters depend strongly 
on molecular structure and increase in the following order: methyl 
and ethyl esters, carboxylic acids, propyl esters and n-alkanes, 
and butyl and pentyl esters. Moreover, Egolfopoulos et al. [105] 
observed more soot emissions from unsaturated biodiesel fuels 
than saturated ones. To reduce the biodiesel NO, effect, decreasing 
fuel bound oxygen content may not be the right strategy because 
the presence of oxygen not only reduces particulate matter and also 
mutagenicity of the soot particles [106]. 


4.4. Effect of cetane number 


The ignition and combustion quality of diesel and biodiesel of 
diesel engine fuel is measured with a dimensionless descriptor 
called cetane number (CN). Higher cetane number fuels tend to 
increase power output, reduce exhaust smoke, increase cold start 
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properties, reduce combustion noise and reduce exhaust odour 
[107]. Too low CN leads to engine misfiring, higher air temperature 
and incomplete combustion. The high value of CN may also cause 
operational problems like incomplete combustion and smoke. In 
general, higher CN is associated with shorter ignition delay, lower 
average combustion temperatures and decreased residence time, 
consequently less NOx formation [4]. 

Generally, biodiesel fuel has higher cetane number than con- 
ventional diesel fuel. Despite the high cetane value, NOx emissions 
usually increase with the use of biodiesel. Zheng et al. [108] 
observed that biodiesel with a CN similar to the diesel produced 
more NO, emissions than the diesel and biodiesel with a higher CN 
had comparable NOx emissions with the diesel. Data presented in 
Table 1 also indicate high cetane value biodiesel exhibits low NOx 
emissions. In contrast, Wang et al. [109] have suggested that high 
CN of biodiesel tend to increase peak pressure and temperature 
due to shortened ignition delay which enhances NO, formation. 
Moreover, Knothe [110] found non-linear relationship between 
the ignition delay period and the CN. A research by McCormick 
et al. [75] has shown that CN of biodiesel is linearly correlated 
with saturated fatty acids content and chain length. Furthermore, 
Knothe et al. [111] studied the influence of compound structure 
on CN by using ignition quality tester and confirmed that the CN 
of fuel is increases with saturated fatty acid content. Short chain 
branched esters have low CN, but they exhibit good cold flow 
properties [110]. Tat [112] examined the effect of cetane improver 
2-ethylhexyl nitrate (EHN) on soybean oil methyl ester (SME) com- 
bustion parameters and compared with those of yellow grease 
methyl ester (YGME). He observed that as the cetane number was 
increased from 50.4 to 62.6, the ignition delay period and premixed 
portion of combustions was reduced approximately 10% and 47% 
respectively. As mentioned above shorted ignition delay period and 
reduced premixed portion of combustions are responsible for low- 
ered NO, emissions. 

Cetane number of biodiesel can be increased by structural mod- 
ification of fuel or by addition of cetane improvers with fuel. A 
review by Hoekman et al. [113] showed that cetane values of the 
biodiesel increases with chain length and decreases with chain 
branching and degree of unsaturation. Wadumesthrige et al. [114] 
have found that atmospheric oxidation of biodiesel enhances CN 
of fuel due to the formation of hydroperoxides, aldehydes and 
oligomers of fatty acid methyl esters. Canoira et al. [115] nitrated 
the biodiesel derived from waste frying oil to enhance the CN 
by reacting biodiesel with nitric acid and acetyl nitrate and they 
observed 8.3% increase in CN. McCormick [12] of NREL reported 
that the addition of cetane improvers DTBP and EHN are effective 
in reducing biodiesel NO, emissions. 


4.5. Effect of fuel viscosity 


Generally, biodiesel would be considered a high viscous fuel 
than conventional diesel. The higher viscosity causes reduced fuel 
leakage during injection, which results in increase of pressure 
and an advance in injection timing [67]. As mentioned above the 
advance in injection timing leads to an increase of mass injec- 
tion rate and NOx. Furthermore, Usta [116] observe the increased 
injected mass in the case of biodiesel by means of an increase 
in viscosity. Higher viscosity of fuel also tends to poor atomiza- 
tion, smaller spray cone angles, high spray jet penetration and 
larger overall average droplet sizes. Smaller spray cone angles and 
advanced start of injection are the main reasons for increased 
NOx emissions of biodiesel. The decreased spray cone angle and 
increased spray penetration may increase the degree of widespread 
combustion in the engine combustion chamber, which could 
increase NO, emissions [36]. Furthermore, the increased penetra- 
tion length may cause air and fuel spray mixed more slowly near 


the spray tip due to slower velocities resulting in more time for NO 
formation [117]. Deshmukh et al. [118] observed an intact liquid 
core in biodiesel’s spray pattern even at injection pressures as high 
as 1600 bar. Yuan and Hansen [36] examined the effect of viscosity 
on NOx, emissions and observed a 3.52% reduction in NO, emis- 
sions when the viscosity of soy methyl ester decreased to a level 
of D2 diesel. Moreover, Anderson and Olsen [119] analysed NOx as 
a function of viscosity and they observed an increase of NOx with 
increase in viscosity at low temperatures. However, while preheat- 
ing the fuel to 75°C this trend is reversed. Finally, they concluded 
that vegetable oils that are high in polyunsaturated fatty acids (e.g. 
linoleic and linolenic acid) are less viscous, but contribute to higher 
NO, emissions. 


4.6. Effect of fuel density 


The density of the fuels affects the start of injection, the injection 
pressure, and the fuels spray characteristics, so that they influence 
combustion and emissions. Furthermore, it acts as a precursor for 
a number of other fuel properties such as heating value and viscos- 
ity. Modern diesel engine fuel injection systems measure the fuel 
by volume. So the changes in the fuel density will influence mass 
of fuel injected and NO, [120]. McCormick et al. [75] found a corre- 
lation between higher density and iodine value. NREL report [12] 
suggest that blending with a low density fuels such as aromatic 
diesel, kerosene, or Fischer-Tropsch diesel is effective at reducing 
biodiesel NO, emissions. Moreover, Boehman et al. [121] observed 
lower NOx emissions with low density paraffinic fuels. In contrast, 
Kook and Pickett [122] claimed that the fuel density do not signifi- 
cantly affect the total entrainment and mixing into the spray. 


4.7. Effect of surface tension 


The higher surface tension and viscosity of fuel offer resistance 
to atomization during injection process. The surface tension of 
biodiesel is 22% higher than that of petrodiesel [123]. Ahmed et al. 
[124] studied the effect of surface tension on peanut, coconut and 
canola methyl esters and observed smallest mean drop size with 
coconut methyl ester due to its lowest surface tension value. Table 1 
indicates coconut methyl ester emits lowest NO, when compared 
to other biodiesel fuels. Moreover, Hansen [36] examined the effect 
of surface tension and heat of vapourization on NO, emissions with 
soy methyl ester (SME) fuel and found that these properties did not 
contribute to the increased NOx. 


4.8. Effects of thermal properties 


Liquid thermal conductivity and vapour heat capacity of fuel 
affects heat transfer between the drop interior and the surface, tem- 
perature distribution of gas mixtures surrounding the spray drops 
and air fuel ratio. For biodiesel these properties are slightly lower 
than that of the diesel [125]. The thermal diffusivity of biodiesel 
vapour is much lower than that for diesel by as much as a factor 
of 20 [126]. Changes in these properties are expected to have a 
significant influence on atomization and NO, formation rate. 


5. Summary and conclusions 


A systematic review of the published literature on the effect 
of fuel properties and composition that influence biodiesel NOx 
emissions has been carried out and main findings are summarised. 


1. The majority of studies have shown that NO, emissions for 
biodiesel are significantly increased, compared with diesel. 
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2. In general, thermal NO is a dominant mechanism in the 
combustion processes; however, prompt NO also contributes 
significantly in biodiesel combustion. 

3. Several factors are reported to contribute to increased NOx emis- 
sions in biodiesel: advancement of injection timing, increased 
adiabatic flame temperature, higher heat release rate, more sto- 
ichiometric burning, lessened radiative heat transfer from soots, 
increased premixed burn fraction, decreased spray cone angle 
and widespread high-temperature distribution areas. 

4. Biodiesel combustion is a low temperature reaction and the 
change in thermal NO, formation could not be the major reason 
for biodiesel NO, effect. 

5. The artificial advance in injection timing as a result of biodiesel’s 
higher bulk modulus may result in increased mass delivery and 
reaction temperature, thus increasing NOx formation. This effect 
can be reduced by retarding the injection timing or by preheating 
the fuel. 

6. NOx emissions are linearly correlated with iodine value of fatty 
acid ester. Fuel composition has effects on bulk modulus of com- 
pressibility, adiabatic flame temperature, degree of saturation 
and cetane number and changes in these properties may also 
play a role in NOx formation. 

7. Most authors point to fuel-bound oxygen content of biodiesel as 
reason for increased NO, emissions. The presence of oxygen in 
biodiesel suppresses the formation of soot particle which results 
in reduced radiative heat transfer, causing increased reaction 
temperature and thus NOx. 

8. Biodiesel with a higher CN had comparable NO, emissions with 
the diesel. 

9. The properties that affect atomization characteristics such as 
viscosity, density, surface tension, liquid thermal conductivity, 
vapour heat capacity and thermal diffusivity also have a signifi- 
cant influence on NO, formation. 


Further studies will be needed to determine the effect of fuel 
composition on prompt NO, formation and the influence of fuel 
atomization on biodiesel NO, effect. Furthermore, research on 
genetic modification of biodiesel feedstock composition that gives 
lowest NOx emissions is also needed. 


Acknowledgements 


We wish to thank the management of Velammal Engineering 
College, Chennai, for encouraging and supporting this research 
work. We also would like to thank D.S. Pushparani, Department of 
Biochemistry, SRM University for providing valuable information 
related to this work. 


References 


[1] Xue J, Tony E, Hansen A. Effect of biodiesel on engine performances and 
emissions. Renew Sustain Energy Rev 2011;15:1098-116. 

[2] Janaun]J, Ellis N. Perspectives on biodiesel as a sustainable fuel. Renew Sustain 
Energy Rev 2010;14:1312-20. 

[3] Ong H, Mahlia T, Masjuki H, Norhasyima R. Comparison of palm oil, Jatropha 
curcas and Calophyllum inophyllum for biodiesel: a review. Renew Sustain 
Energy Rev 2011;15:3501-15. 

[4] Bora D, Baruah D. Assessment of tree seed oil biodiesel: a comparative review 
based on biodiesel of a locally available tree seed. Renew Sustain Energy Rev 
2012;16:1616-29. 

[5] Szulczyka K, McCarlb B. Market penetration of biodiesel. Renew Sustain 
Energy Rev 2010;14:2426-33. 

[6] Tat E, Van Gerpen H, Soylu S, Canakci M, Monyem A, Wormley S. The speed 
of sound and isentropic bulk modulus of biodiesel at 21°C from atmospheric 
pressure to 35 MPa. Am Oil Chem Soc 2000;77:285-9. 

[7] EPA. Nitrogen oxides (NOx), why and how they are controlled. US Envi- 
ronmental Protection Agency. http://www.epa.gov/ttn/catc/dir1/fnoxdoc.pdf 
[accessed 15.03.12]. 


[8] Moser B, Williams A, Haas M, McCormick R. Exhaust emissions and fuel prop- 
erties of partially hydrogenated soybean oil methyl esters blended with ultra 
low sulfur diesel fuel. Fuel Process Technol 2009;90:1122-8. 

[9] Zeldovich Y. The oxidation of nitrogen in combustion and explosions. Acta 
Physicochim 1946;21:577-628. 

[10] Bowman C. Kinetics of pollutant formation and destruction on combustion. 
Prog Energy Combust Sci 1975;1:33-45. 

[11] Fenimore C. Formation of nitric oxide in premixed hydrocarbon flames. 
In: 13th symp. on combustion, The Combustion Institute, vol. 13. 1975. 
p. 373-80. 

[12] NREL, NO, solutions for biodiesel. US National Renewable Energy Laboratory. 
http://www.nrel.gov/docs/fyO3osti/31465.pdf [accessed 15.03.12]. 

[13] Gardiner W. Gas-phase combustion chemistry. 1st ed. New York: Springer- 
Verlag; 2000. 

[14] Heywood J. Internal combustion engines fundamentals. New York: McGraw- 
Hill international edition; 1998. 

[15] Pandey R, Rehman A, Sarviya R. Impact of alternative fuel properties 
on fuel spray behavior and atomization. Renew Sustain Energy Rev 
2012;16:1762-78. 

[16] Monyem A, Van Gerpen J, Canakci M. The effect of timing and oxidation on 
emissions from biodiesel-fueled engines. Trans ASAE 2001;44:35-42. 

[17] Macias M, Pinzi S, Leiva D, Atienza A, Dorado M. Air and noise pollution of 
a diesel engine fueled with olive pomace oil methyl ester and petrodiesel 
blends. Fuel 2012;95:615-21. 

[18] SzybistJ, Kirby S, Boehman A. NO, emissions of alternative diesel fuels: a com- 
parative analysis of biodiesel and FT diesel. Energy Fuel 2005;19:1484-92. 

[19] McCormick R, Alvarez J, Graboski M. Effects of biodiesel blends 
on vehicle emissions. US National Renewable Energy Laboratory. 
http://www.nrel.gov/docs/fyO7osti/40554.pdf [accessed 15.03.12]. 

[20] Zhang Y, Boehman A. Impact of biodiesel on NO, emissions in a common rail 
direct injection diesel engine. Energy Fuel 2007;21:2003-12. 

[21] Benajes J, Molina S, Gonzalez C, Donde R. The role of nozzle convergence in 
diesel combustion. Fuel 2008;87:1849-58. 

[22] Yuan W, Hansen A, Tat M, VanGerpen J, Tan Z. Spray, ignition, and combus- 
tion modelling of biodiesel fuels for investigating NO, emissions. Trans ASAE 
2005;48:933-9. 

[23] Som S, Longman D. Numerical study comparing the combustion and 
emission characteristics of biodiesel to petrodiesel. Energy Fuel 2011;25: 
1373-86. 

[24] Nagaraju V, Henein N, Quader A, Wu M, Bryzik W. Effect of biodiesel (B20) 
on performance and emissions in a single cylinder HSDI diesel engine. Paper 
presented at the 2008 SAE world congress, Detroit. SAE 2008-01-1401; 2008. 

[25] Kegl B. Influence of biodiesel on engine combustion and emission character- 
istics. Appl Energy 2011;88:1803-12. 

[26] Bittle J, Knight B, Jacobs T. The impact of biodiesel on injection timing and 
pulsewidth in a common-rail medium-duty diesel engine. Paper presented 
at the SAE power train, fuels and lubricants 2009 fall meeting, San Antonio. 
SAE 2009-01-2782; 2009. 

[27] Mueller C, Boehman A, Martin G. An experimental investigation of the origin 
of increased NO, emissions when fueling a heavy-duty compression-ignition 
engine with soy biodiesel. SAE Int J Fuels Lubr 2009;2:789-816. 

[28] Musculus, M. Measurements of the influence of soot radiation on in-cylinder 
temperatures and exhaust NO, ina heavy-duty diesel engine. SAE paper 2005- 
01-0925; 2005. 

[29] Struwe F, Foster D. In cylinder measurement of particulate radiant heat trans- 
fer in a direct injection diesel engine. SAE paper 2003-01-0072; 2003. 

[30] Azetsu A, Sato Y, Wakisaka Y. Effects of aromatic components in fuel on flame 
temperature and soot formation in intermittent spray combustion. SAE Trans 
J Fuels Lubr 2003;112:1753-62. 

[31] Mueller J, Pitz J, Lyle M. Pickett L, Martin G, Siebers D, et al. Effects of oxy- 
genates on soot processes in DI diesel engines: experiments and Numerical 
Simulations. SAE 2003-01-1791; 2003. 

[32] Ban-Weiss G, Chen Y, Buchholz B, Dibble R. A numerical investigation into the 
anomalous slight NO, increase when burning biodiesel; a new(old) theory. 
Fuel Process Technol 2007;88:659-67. 

[33] Agarwal A, Gupta T, Kothari A. Particulate emissions from biodiesel vs. 
diesel fuelled compression ignition engine. Renew Sustain Energy Rev 
2011;15:3278-300. 

[34] Musculus M. On the correlation between NO, emissions and the diesel pre- 
mixed burn. SAE 2004-01-1401; 2004. 

[35] Choi C, Reitz R. A numerical analysis of the emissions characteristics of 
biodiesel blended fuels. J Eng Gas Turb Power 1999;12:31-8. 

[36] Yuan W, Hansen A. Computational investigation of the effect of biodiesel fuel 
properties on diesel engine NO, emissions. Int J Agric Biol Eng 2009;2(2): 
41-8. 

[37] Eckerle W, Lyford-Pike E, Stanton D, LaPointe L, Whitacre S, Wall J. Effects of 
methyl ester biodiesel blends on NO, emissions. SAE Trans J Fuels Lubr 2008 
[SAE 2008-01-0078]. 

[38] McCormick R, Ross J, Graboski M. Effect of several oxygenates on reg- 
ulated emissions from heavy-duty diesel engines. Environ Sci Technol 
1997;31:1144-50. 

[39] Yuan W, Hansen A, Tat M, Van Gerpen J, Tan Z. Spray, ignition, and combus- 
tion modeling of biodiesel fuels for investigating NO, emissions. Trans ASAE 
2005;48(3):35-42. 

[40] Varuvel E, Mrad N, Tazerout M, Aloui F. Experimental analysis of biofuel as an 
alternative fuel for diesel engines. Appl Energy 2012;94:224-31. 


K. Varatharajan, M. Cheralathan / Renewable and Sustainable Energy Reviews 16 (2012) 3702-3710 3709 


[41] Salvador F, Gimeno J, Morena J. Effects of nozzle geometry on direct 
injection diesel engine combustion process. Appl Therm Eng 2009;29: 
2051-60. 

[42] Garner S, Sivaramakrishnan R, Brezinsky K. The high-pressure pyrolysis of 
saturated and unsaturated C7 hydrocarbons. Proc Combust Inst 2009;32: 
464-7. 

[43] Lin K, Lai J, Violi A. The role of the methyl ester moiety in biodiesel combus- 
tion: a kinetic modeling comparison of methyl butanoate and n-butane. Fuel 
2012;92:16-26. 

[44] Lai J, Lin K, Violi A. Biodiesel combustion: advances in chemical kinetic mod- 
elling. Prog Energy Combust 2012;37:1-14. 

[45] Varatharajan K, Cheralathan M, Velraj R. Mitigation of NO, emissions from a 
Jatropha biodiesel fuelled DI diesel engine using antioxidant additives. Fuel 
2011;90:2721. 

[46] Sun J, Caton J, Jacobs T. Oxides of nitrogen emissions from biodiesel-fuelled 
diesel engines. Prog Energy Combust 2010;36:677-95. 

[47] Hoekman S, Robbins C. Review of the effects of biodiesel on NO, emissions. 
Fuel Process Technol 2012;96:237-49. 

[48] Rajasekar E, Murugesan A, Subramanian R, Nedunchezhian N. Review of NOx 
reduction technologies in CI engines fuelled with oxygenated biomass fuels. 
Renew Sustain Energy Rev 2010;14:2113-21. 

[49] Fazal M, Haseeb A, Masjuki H. Biodiesel feasibility study: an evaluation of 
material compatibility; performance; emission and engine durability. Renew 
Sustain Energy Rev 2011;15:1314-24. 

[50] Zhu L, Zhang W, Liu W, Huang Z. Experimental study on particulate and NO, 
emissions of a diesel engine fueled with ultra low sulfur diesel, RME-diesel 
blends and PME-diesel blends. Sci Total Environ 2010;408:1050-8. 

[51] Çelikten I, Koca A, Arslan M. Comparison of performance and emissions of 
diesel fuel, rapeseed and soybean oil methyl esters injected at different pres- 
sures. Renew Energy 2010;35:814-20. 

[52] Ghai S, Das L, Babu G. Emissions and performance study with sunflower 
methyl ester as diesel engine fuel. J Eng App! Sci 2008;3(5):75-80. 

[53] Sugozu I, Oner C, Altun S. The performance and emissions characteristics 
of a diesel engine fueled with biodiesel and diesel fuel. Int J Eng Res Dev 
2010;2(1):50-3. 

[54] Nabi M, Rahman M, Akhter M. Biodiesel from cotton seed oil and its 
effect on engine performance and exhaust emissions. Appl Therm Eng 
2009;29:2265-70. 

[55] Tan P, Hu Z, Lou D, Li Z. Exhaust emissions from a light-duty diesel engine 
with Jatropha biodiesel fuel. Energy 2012;39:356-62. 

[56] Keskin A, Abdulkadir Y, Guru M, Altıparmak D. Usage of methyl ester of tall oil 
fatty acids and resinic acids as alternative diesel fuel. Energy Convers Manage 
2010;51:2863-8. 

[57] Ragu R, Ramadoss G, Sairam K, Arulkumar A. Experimental investigation on 
the performance and emission characteristics of a DI diesel engine fueled with 
preheated rice bran oil. Eur J Sci Res 2011;64(3):400-14. 

[58] Nabi M, Hoque N. Biodiesel production from linseed oil and performance 
study of a diesel engine with diesel bio-diesel. JME 2008;39(1):40-4. 

[59] DOE. Biodiesel handling and use guidelines. US department of energy. 
http://www.biodiesel.org/resources/reportsdatabase/reports/gen/20041101 
-gen357.pdf [accessed 15.03.12]. 

[60] Ng J, Ng H, Gan S. Characterisation of engine-out responses from a light- 
duty diesel engine fuelled with palm methyl ester. App! Energy 2010;90: 
58-67. 

[61] Ables R. Coconut methyl ester (CME) as petrodiesel quality enhancer 
Philippine coconut authority. Department of Agriculture Philippines. 
http://www.pure-essence.biz/site/biodiesel_iec_1_pdf [accessed 15.03.12]. 

[62] Godiganur S, Murthy S, Reddy R. 6BTA 5.9 G2-1 Cummins engine performance 
and emission tests using methyl ester mahua (Madhuca indica) oil/diesel 
blends. Renew Energy 2009;34:2172-7. 

[63] Rajit S, mahabatra S, Kundu K. Performance and emission evaluation of a 
diesel engine fueled with methyl ester of neem oil and filtered neem oil. J Sci 
Ind Res 2010;69:62-6. 

[64] Redel-Macias M, Pinzi S, Leiva D, Cubero-Atienza A, Dorado M. Air and noise 
pollution of a diesel engine fueled with olive pomace oil methyl ester and 
petrodiesel blends. Fuel 2012;95:615-21. 

[65] Rao P. Effect of properties of Karanja methyl ester on combustion and NOx 
emissions of a diesel engine. JPTAF 2011;2(5):63-75. 

[66] Van Gerpen J, Tat M. Measurement of biodiesel speed of sound and 
its impact on injection timing. National Renewable Energy Laboratory. 
http://www.nrel.gov/docs/fyO3osti/31462.pdf [accessed 15.03.12]. 

[67] Kegl B. Numerical analysis of injection characteristics using biodiesel fuel. 
Fuel 2006;85:2377-87. 

[68] Gumusa M, Sayina C, Canakci M. The impact of fuel injection pressure 
on the exhaust emissions of a direct injection diesel engine fueled with 
biodiesel-diesel fuel blends. Fuel 2012;95:486-94. 

[69] Caresana F. Impact of biodiesel bulk modulus on injection pressure and injec- 
tion timing. The effect of residual pressure. Fuel 2011;90:477-85. 

[70] Tat M, Gerpan J. National Renewable Energy Laboratory. http://www.pure- 
essence.biz/site/biodiesel_iec_1_pdf [accessed 15.03.12]. 

[71] Ren Y, Li X. Numerical study on the combustion and emission characteristics 
in a direct-injection diesel engine with preheated biodiesel fuel. Proc Inst 
Mech Eng D J Automob Eng 2011;225:531-43. 

[72] Ye P, Boehman A. An investigation of the impact of injection strategy and 
biodiesel on engine NO, and particulate matter emissions with acommon-rail 
turbocharged DI diesel engine. Fuel, doi:10.1016/j.fuel.2012.02.021. 


[73] Knothe G. Improving biodiesel fuel properties by modifying fatty ester com- 
position. Energy Environ Sci 2009;2:759-66. 

[74] Singh S, Dipti S. Biodiesel production through the use of different sources and 
characterization of oils and their esters as the substitute of diesel: a review. 
Renew Sustain Energy Rev 2010;14:200-16. 

[75] McCormick R, Graboski M, Alleman T, Herring A, Tyson S. Impact of biodiesel 
source material and chemical structure on emissions of criteria pollutants 
from a heavy-duty engine. Environ Sci Technol 2001;35:1742-7. 

[76] Wyatt T, Hess M, Dunn R, Foglia T, Hass M. Fuel properties and nitrogen oxide 
emission levels of biodiesel produced from animal fat. J Am Oil Chem Soc 
2005;82:585-91. 

[77] Peterson C, Taberski J, Thompson J. The effect of biodiesel feedstock on regu- 
lated emissions in chassis dynamometer tests of a pickup truck. Trans ASAE 
2000;43:1371-81. 

[78] Knothe G, Sharp C, Ryan T. Exhaust emissions of biodiesel, petrodiesel, 
neat methyl esters, and alkanes in a new technology engine. Energy Fuel 
2006;20:403-8. 

[79] Glaude P, Fournet R, Bounaceur R, Moliére M. Adiabatic flame temperature 
from biofuels and fossil fuels and derived effect on NO, emissions. Fuel Process 
Technol 2010;91:229-35. 

[80] Jha S, Fernando S, Filip S. Flame temperature analysis of biodiesel blends and 
components. Fuel 2008;87:1982-8. 

[81] Tat M, Paul S, Gerpen J. Exhaust emissions from an engine fueled with 
biodiesel from high-oleic soybeans. J Am Oil Chem Soc 2007;84:865-9. 

[82] Klopfenstein W. Effect of molecular weights of fatty acid esters on cetane 
numbers as diesel fuels. J Am Oil Chem Soc 1985;62(6):1029-31. 

[83] Pattamaproma C, Pakdeeb W, Ngamjaroena S. Storage degradation of palm- 
derived biodiesels: its effects on chemical properties and engine performance. 
Renew Energy 2012;37(1):412-8. 

[84] Hess A, Hass M, Foglia T. Attempts to reduce NO, exhaust emissions by using 
reformulated biodiesel. Fuel Process Technol 2007;88:693-9. 

[85] Chapman E, Hile M, Pague M, Song J, Boehman A. Eliminating the NO, 
emissions increase associated with biodiesel. Am Chem Soc Div Fuel Chem 
2003;48:639-40. 

[86] Smit P, Ngothai Y, Nguyen D, Neill B. Improving the low-temperature 
properties of biodiesel: methods and consequences. Renew Energy 
2010;35:1145-51. 

[87] Graboski M, McCormick R, Alleman T, Herring A. Effect of biodiesel com- 
position on NO, and pm emissions from a DDC series 60 engine. NREL. 
http://www.biodieselgear.com/documentation/NREL_NOX_PM_Study.pdf 
[accessed 15.03.12]. 

[88] Schmidt K, Van Gerpen J. The effect of biodiesel fuel composition on diesel 
combustion and emissions. SAE paper, 961086; 1996. 

[89] Lin C, Lin H. Effects of NO,-inhibitor agent on fuel properties of three-phase 
biodiesel emulsions. Fuel Process Technol 2008;89:1237-42. 

[90] Lin C, Lin S. Effects of emulsification variables on fuel properties of two- and 
three-phase biodiesel emulsions. Fuel 2007;86:210-7. 

[91] Qi D, Chen H, Geng L, Bian Z. Experimental studies on the combustion 
characteristics and performance of a direct injection engine fueled with 
biodiesel/diesel blends. Energy Convers Manage 2010;51:2985-92. 

[92] Graboski M, Ross S, McCormick R. Transient emissions from No. 2 diesel and 
biodiesel blends in a DDC series 60 engine. SAE Tech Pap Ser, No. 961166; 
1996. 

[93] SongJ, Zello V, Boehman A. Comparison of the impact of intake oxygen enrich- 
ment and fuel oxygenation on diesel combustion and emissions. Energy Fuel 
2004; 18:1282-90. 

[94] Hulwan D, Joshi S. Performance, emission and combustion characteristic of 
a multicylinder DI diesel engine running on diesel-ethanol-biodiesel blends 
of high ethanol content. Appl Energy 2011;88:5042-55. 

[95] Rathore G, Jacobs T. Formation kinetics of nitric oxide of a biodiesel surro- 
gate relative to n-heptane under comparable oxygen equivalence ratio in a 
homogeneous reactor. Fuel 2012;93:319-28. 

[96] Cheng A, Upatnieks A, Mueller C. Investigation of the impact of biodiesel 
fuelling on NO, emissions using an optical direct injection diesel engine. Int 
J Engine Res 2006;7:297-318. 

[97] Lapuerta M, Armas O, Ballesteros R, Fernandez J. Diesel emissions from bio- 
fuels derived from Spanish potential vegetable oils. Fuel 2005;84:773-80. 

[98] Nabi M. Theoretical investigation of engine thermal efficiency, adiabatic flame 
temperature, NO, emission and combustion-related parameters for different 
oxygenated fuels. Appl Therm Eng 2010;30:839-44. 

[99] Yuan W, Hansen A, Tat M, Van Gerpen J, Tan Z. Spray, ignition and combus- 
tion modeling of biodiesel fuels for investigating NO, emissions. Trans ASAE 
2005;48:933-9. 

[100] Song H, Tompkins B, Bittle J, Jacobs T. Comparisons of NO emissions and 
soot concentrations from biodiesel-fuelled diesel engine. Fuel 2012;96: 
446-53. 

[101] Paivi A, Nils-Olof N, Marten, Marko W, Mikko M, Risto H, Timo M. 
Emissions from heavy-duty engine with and without after-treatment 
using selected biofuels. International Energy Agency. http://www.iea- 
amf.vtt.fi/pdf/annex13_fisita_f02e195-paper.pdf [accessed 15.03.12]. 

[102] Krahl J, Baum K, Hackbarth U, Jeberien H, Munack A, Schutt C. Gaseous com- 
pounds, ozone precursors, particle number and particle size distributions, and 
mutagenic effects due to biodiesel. Trans ASAE 2001;44:179-91. 

[103] Maricq M. Physical and chemical comparison of soot in hydrocarbon and 
biodiesel fuel diffusion flames: a study of model and commercial fuels. Com- 
bust Flame 2011;158:105-16. 


3710 K. Varatharajan, M. Cheralathan / Renewable and Sustainable Energy Reviews 16 (2012) 3702-3710 


104] McEnally C, Pfefferle L. Sooting tendencies of oxygenated hydrocarbons in 
laboratory-scale flames. Environ Sci Technol 2011;45:2498-503. 

105] Feng O, Jalali A, Fincham A, Wang Y, Tsotsis T, Egolfopoulos F. Combust Flame 
2012;158:1876-93. 

106] Sharp C, Howell S, Jobe J. The effect of biodiesel fuels on transient emissions 
from modern diesel engines, part 1 regulated emissions and performance. 
SAE 2002-01-1967; 2002. 

107] Totten G. Fuels and lubricants handbook: technology, properties, perfor- 
mance, and testing. ASTM International; 2003. 

108] Zheng M, Mulenga M, Reader G, Wang M, Ting D, Tjong J. Biodiesel 
engine performance and emissions in low temperature combustion. Fuel 
2008;87:714-22. 

109] Wang W, Lyons D, Clark W, Gautam N. Emissions from nine heavy trucks 
fueled by diesel and biodiesel blend without engine modification. Environ Sci 

Technol 2000;34:933-9. 

110] Knothe G. Dependence of biodiesel fuel properties on the structure of fatty 
acid alkyl esters. Fuel Process Technol 2005;86:1059-70. 

[111] Knothe G, Matheaus A, Ryan T. Cetane numbers of branched and 
straight-chain fatty esters determined in an ignition quality tester. Fuel 
2003;82:971-5. 

[112] Tat E. Cetane number effect on the energetic and exergetic efficiency of a 
diesel engine fuelled with biodiesel. Fuel Process Technol 2011;92:1311-21. 

[113] Hoekman S, Broch A, Robbins C, Ceniceros E, Natarajan M. Review of 
biodiesel composition, properties, and specifications. Renew Sustain Energy 
Rev 2012;16(1):143-69. 

[114] Wadumesthrige W, Smith J, Wilson J, Salley S. Investigation of the param- 
eters affecting the cetane number of biodiesel. J Am Oil Chem Soc 
2008;85:1073-83. 

[115] Canoira L, Alcantara R, Torcal S, Tsiouvaras N, Lois E, Korres D. Nitration of 

biodiesel of waste oil: nitrated biodiesel as a cetane number enhancer. Fuel 

2007;86:965-71. 


[116] Usta N. An experimental study on performance and exhaust emissions of 
a diesel engine fuelled with tobacco seed oil methyl ester. Energy Convers 
Manage 2005;46:2373-86. 

[117] Chikahisa T, Konno M, Murayama T. Analysis of NO formation characteristics 
and control concepts in diesel engines from NO reaction-kinetic considera- 
tions. SAE 1995-02-15; 1995. 

[118] Deshmukh D, Mohan M, Anand T, Ravikrishna R. Spray characteriza- 
tion of straight vegetable oils at high injection pressures. Fuel 2012, 
doi:10.1016/j.fuel.2012.01.078. 

[119] Nettles-Anderson S, Olsen D. Survey of straight vegetable oil composition 
impact on combustion properties. SAE 2009-01-0487; 2009. 

[120] Alptekin E, Canakci M. Determination of the density and the viscosities of 
biodiesel-diesel fuel blends. Renew Energy 2008;33:2623-30. 

[121] Boehman A, Alam M, Song J, Acharya R, Szybist J, Zello V, et al. 
Fuel formulation effects on diesel fuel injection, combustion, emissions 
and emission control. In: Proceedings of diesel engine emissions reduc- 
tion conference. 2003. http://www.osti.gov/bridge/servlets/purl/828945- 
mfkUOx/native/828945.pdf [accessed 15.03.12]. 

[122] Kook S, Pickett L. Liquid length and vapour penetration of conventional, 
Fischer-Tropsch, coal-derived, and surrogate fuel sprays at high-temperature 
and high-pressure ambient conditions. Fuel 2012;93:539-48. 

[123] Allen C, Watts K, Ackman R. Predicting the surface tension of biodiesel 
fuels from their fatty acid ester composition. J Am Oil Chem Soc 1999;76: 
317-23. 

[124] Ahmed M, Ejim C, Fleck B, Amirfazli A. Effect of biodiesel fuel properties and 
its blends on atomization. SAE 2006-01-0893; 2006. 

[125] McCrady J, Stringer V, Hansen A, Lee C. Computational analysis of biodiesel 
combustion in a low-temperature combustion engine using well-defined fuel 
properties. SAE Int J Engines 2007;116:434-43. 

[126] Ra Y, Reitz R. Effects of fuel physical properties on diesel engine combustion 
using diesel and bio-diesel fuels. SAE 2008-01-1379; 2008. 


